segments, the secondary structural similarity of the two tice-packing effects that stabilize H8 of monomer A (mass spectrometry revealed no evidence of proteolyhalves of the homodimer breaks down. Monomer A contains ␣-helix H4, whereas the corresponding region of sis, data not shown). A structural similarity search of the protein data bank (PDB; http://www.rcsb.org/pdb) monomer B (residues 79-89) appears to be disordered in our cocrystals. We believe that this difference arises using the DALI server (Holm and Sander, 1996) showed no close orthologs (a maximum z score of 5.7 was obfrom RNA-induced stabilization of ␣-helix H4 in monomer A (see below). No counterpart for ␣-helix H8 is found tained with a fragment of the unrelated protein neprilysin PDB Code 1DMT; root-mean-square deviation or rmsd in monomer B, although this difference may reflect lat- R sym ϭ ⌺|I Ϫ ϽIϾ|/⌺I, where I ϭ observed intensity, ϽIϾ ϭ average intensity obtained from multiple observations of symmetry related reflections. Phasing power ϭ rmsd (|F H |/E), where |F H | ϭ heavy atom structure factor amplitude and E ϭ residual lack of closure. rmsd bond lengths and rmsd bond angles are the respective root-mean-square deviations from ideal values. Free R factor was calculated with 7% of data omitted from the structure refinement. dues 8 to 74) of each monomer that emphasizes the resulting differences in C-terminal segment structure and positioning. The C-terminal segments are spatially dissimilar, in themselves, and superimpose with a rmsd Ͼ 5 Å . With the exception of the N-terminal segment, no portion of monomer A (Ͼ25 residues) can be overlaid with its counterpart in monomer B with a rmsd Ͻ 2.5 Å . Asymmetry in the C-terminal segment is created by intervening linker regions, which permit different angles between the secondary structure elements H5(H5Ј), H6(H6Ј), S1-S2(S1Ј-S2Ј), H7(H7Ј), and S3(S3Ј) in the two monomers. Moreover, the three-stranded ␤ sheet formed by S1Ј-S2Ј-S3 is antiparallel, whereas the S1-S2-S3Ј ␤ sheet is of mixed polarity. There is some precedent for asymmetry in cocrystal structures of homodimeric proteins recognizing nucleic acid. The Arc repressor forms an intertwined, symmetric homodimer, which recognizes a nonpalindromic double-stranded DNA ligand (Raumann et al., 1994) . Unlike the HAP1 residues involved in DNA binding are identical Gel filtration studies were used to document that in both halves of the homodimer. NSP3-N is a dimer in solution, both in the presence Two enzymes also provide examples of asymmetry and absence of RNA (data not shown). The A and B in protein dimers. The HIV-1 reverse transcriptase propolypeptide chains intertwine to create a single globular tein is a heterodimer consisting of 66 kDa and 51 kDa entity (Figures 2 and 3 Figure 3A a nonconservative change observed at one amino acid depicts a structural superposition of the N-terminal segposition is offset by a reciprocal change in the residue with which it interacts. For example, the group A Ser17/ ments (rmsd of 67 equivalent ␣-carbons ϭ 1.3 Å , resi- fixed by packing with the remainder of the homodimer.
Cyt-5
Gua-2 The terminal cytidine (Cyt-5) lies in a tunnel backed by Like Ade-3, Gua-2 is recognized entirely by monomer ␣ helices H5 and H5Ј, framed by ␣ helices H2, H6Ј, and A. Gua-2 recognition is effected by Asn84 (O␦1-N1 ϭ H7Ј, and covered by the S1-S2 loop (Figures 3 and 5A) .
2.8 Å ), Thr69 (O␥1-O6 ϭ 3.4 Å , O␥1-N7 ϭ 2.7 Å ), and a Arg105Ј makes a stacking interaction with the base. A water molecule (OH2-N2 ϭ 2.8 Å , buttressed by Asn62) cytidine at this position is specified by Arg118Ј, which recognizing the exocyclic NH 2 . Asn and Thr are not comis engaged in a bidentate interaction (N⑀-O2 ϭ 2.6 Å , monly used for guanine recognition; Arg is most fre-N2-N3 ϭ 3.3 Å ). The use of Arg for stacking interactions quently observed in these interactions. Substitution of with cytidine and for bidentate recognition of the O2 and adenine, which lacks a substituent on the C2 carbon, N3 substituents of cytidine has been widely observed for Gua-2 would preclude formation of hydrogen bonds in protein-RNA structures (Allers and Shamoo, 2001).
with the exocyclic NH2. This substitution is seen in the NSP3-N also specifies the cytidine base with Gln115Ј mRNA 3Ј end of gene 5 of the SA11 rotavirus strain, and (O⑀1-N4 ϭ 3.3 Å ), and a bridging water molecule (OH2-could explain reduced expression levels of the encoded N4 ϭ 2.7 Å , buttressed by Ser133, Ser134, Arg128, and protein (NSP1) (Patton et al., 2001 ). Gln115Ј). Gln is the most common residue to hydrogen bond with the N4 group of cytidine. We would not expect Implications for NSP3-RNA Binding by Group B 3Ј terminal purines to be compatible with the restricted and Group C Rotavirus size of the binding pocket. The group C mRNA 3Ј end Although each group of rotaviruses utilizes a different consensus sequence includes a terminal uridine, which 3Ј end mRNA consensus sequence (group A: 5Ј-Guahas a carbonyl oxygen attached to C4 instead of an Ade-Cyt-Cyt-3Ј; group B: 5Ј-Cyt/Ade-Cyt/Ade-Cyt-Cytamine group. This C4 substitution should permit the water-3Ј; group C: 5Ј-Gua-Gua-Cyt-Ura-3Ј), we believe that mediated interactions described above. Although rarely NSP3s from all three rotavirus groups employ a common seen in protein-RNA structures, uracil could support an mode of RNA binding with structurally similar RNA bindanalogous, monodentate interaction with Arg118Ј.
ing tunnels that are closed at the 3Ј end. The majority of residues involved in polar interactions with the phosphate groups or 2Ј-hydroxyl groups of the RNA are conCyt-4 The penultimate cytidine, which is invariant among mRNAs served. Of particular interest is the highly conserved S1-S2 loop (Lys132-Ser133-Ser134-Ser135 for group A), from all three rotavirus groups, interacts with ␣ helices H5 and H5Ј ( Figure 5B ). Base recognition is achieved by which covers the RNA binding tunnel and participates in protein side chain and backbone to RNA backbone Asp98Ј (O␦2-N4 ϭ 2.7 Å ), Asn102Ј (O␦1-N4 ϭ 3.2 Å ), Arg105Ј (N2-O2 ϭ 2.8 Å ), Ser133 (O␥-O2 ϭ 2.8 Å ), recognition of all four terminal nucleotides. The amino acid composition of this loop is similar for all three and a water molecule (OH2-N3 ϭ 3.3 Å , buttressed by Asn102Ј and Arg105Ј). Again, the steric constraints imgroups (Figure 1) . Among group A rotaviruses, base specifying residues posed by the binding pocket appear to exclude purines. O4 of uracil would be unable to serve as a hydrogen are conserved (Figure 1 ). There is also significant con-servation of these same residues between groups A affinities corresponds to an increase in ⌬G of 1.5 kcal/ mol when group A NSP3-N binds the group C consensus and C, which share a similar mRNA 3Ј end consensus sequence. Since the group A and C NSP3-N domains sequence. This modest difference can be accounted for by the loss of a single hydrogen bond, which could result share a high degree of sequence identity (32%-34%) and are, therefore, likely to have highly similar protein from formation of a monodentate interaction between uracil and Arg118Ј. backbone positions, detailed examination of RNA binding residues may provide an explanation for the preference of group C NSP3 for uracil versus cytidine (Cyt-5)
The Structure of NSP3-N Is Stabilized at the terminal position. For recognition of a 3Ј terminal by RNA Binding uracil, group C NPS3 has a Lys in place of Arg105Ј Figure 2 demonstrates that the C-terminal segments of (which stacks with the cytidine) and an Arg instead of the two NSP3-N monomers make minimal inter-and Gln115Ј. It is unclear why the substitution to Lys would intramolecular contacts with the remainder of the homofavor uracil at this position. The Gln→Arg substitution, dimer. Instead, the RNA ligand appears to serve a bridghowever, is consistent with the fact that Gln is the most ing role between the N-and C-terminal segments within common residue found to recognize the N4 substituent the homodimer. To investigate the stabilizing influence of cytidine, while Arg is the second most common resiof RNA binding on the structure of NSP3-N, we performed due ( . Not surprisingly, we were unable to detect binding of NSP3-N to poly(A) RNA, which suggests that polyleading to deadenylase access. NSP3 probably serves a less subtle role, shielding rotaviral mRNAs from host adenylated host mRNAs would not compete with rotaviral mRNAs for binding to NSP3.
exonucleases and stimulating translation for the duration of the infection. In addition to its role in highly selecOur X-ray structure of the NSP3 5Ј-GUGACC-3Ј complex can be used to interpret the energetic differences tive RNA binding, dimerization of NSP3 may provide more than one eIF4G binding site per bound mRNA, (⌬⌬G) for binding group A versus group C mRNA consensus sequences. The 12-fold difference in binding thereby increasing the likelihood of circularizing the ro- 
